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A mixture of CF4 and CO gases is used to study photoelectron recoil effects extending into the tender x-
ray region. In CF4, the vibrational envelope of the C 1s photoelectron spectrum becomes fully dominated
by the recoil-induced excitations, revealing vibrational modes hidden from Franck-Condon excitations. In
CO, using CF4 as an accurate energy calibrant, we determine the partitioning of the recoil-induced internal
excitation energy between rotational and vibrational excitation. The observed rotational recoil energy is
2.88(28) times larger than the observed vibrational recoil energy, well in excess of the ratio of 2 predicted
by the basic recoil model. The experiment is, however, in good agreement with the value of 2.68 if energy
transfer via Coriolis coupling is included.
DOI: 10.1103/PhysRevLett.121.073002
Electron spectroscopic studies of photoemission from
the atomic inner shells provide valuable information on the
electronic states and potential energy surfaces of molecules
as well as on the nuclear dynamics accompanying photo-
ionization. In particular, the experimental determination of
the peak intensities in the vibrational profile allows one to
determine the Franck-Condon factors and assess the shape
of the potential energy surfaces. The accurate determination
of both the vibrational profiles and the ionization energies
is essential for extracting correct chemical information.
However, these quantities are also affected by other
phenomena such as photoelectron recoil [1–5] and dif-
fraction [6–8], which have often not been properly
accounted for. Furthermore, photoelectron diffraction and
recoil effects can themselves be a valuable source of
information about the molecular environment or be a
source of novel features observed in photoelectron and
even atomic Auger electron spectra [9].
Photoelectron recoil can lead to vibrational excitation, as
has been observed in the carbon 1s ionization of CH4 [1],
graphite [10], and CF4 [2], and rotational excitation, as seen
in the valence ionization of N2 [3,4]. However, no mea-
surements have been reported in which both vibrational and
rotational excitation have been observed and quantified
simultaneously, and recoil-induced rotational excitation
during core ionization has not been observed at all.
Although here we present such results for carbon 1s
ionization of gas-phase CO, it should be noted that
recoil-induced excitations are present also in solids
[10,11] and are especially prominent in hard x ray photo-
electron spectroscopy experiments.
The division of the internal excitation between vibration
and rotation is influenced by the angular distribution of the
photoelectrons with respect to the molecular axis. For a
linear molecule, the component of momentum along the
molecular axis leads to vibrational excitation, and the
component perpendicular to the axis leads to rotational
excitation. The corresponding recoil-induced vibrational
and rotational excitation energies go as hcos2θi and
hsin2 θi, respectively, where θ is the angle of emission
of the photoelectron with respect to the molecular axis. For
isotropic emission from a diatomic molecule (which we
expect for CO at high photoelectron energies), the division
should be 2=3 to rotation and 1=3 to vibration [3].
However, carbon 1s ionization of CO results in a shrinkage
of the CO bond length between the neutral molecule and
the core-ionized molecule [12]. Because of this shrinkage,
it is predicted that Coriolis coupling will lead to a transfer
of energy from the vibrational mode to the rotational mode
[13]. Until now, this predicted effect has not been observed.
By the expression “recoil momentum,” we refer to the
momentum that remains in the ion after the photoelectron
has been ejected [14,15]. The photoelectron (energy equal
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mass). Since the photon carries insignificant momentum,
the electron ejected must be one that had the appropriate
momentum within the molecule. Correspondingly,
the remaining ion must have had equal and opposite
momentum.
Photoelectrons with a momentum corresponding to a
kinetic energy of ≳10 eV must originate close to the
nucleus of one of the atoms—the emitter atom A—and
the expectation is that their recoil momentum will be
associated with the atom A. This is the main assumption
of the recoil model applied here—that the recoil momen-
tum can initially be associated with a single atom. This is
equivalent to the assumption that the characteristic time-
scale of molecular vibrations is much longer than that of the
electron motion. The distribution of this single-atom recoil
momentum among the normal modes of the entire molecule
can be obtained by projecting it onto all of the normal mode
momentum vectors of the molecule—translational, rota-
tional, and vibrational. The translational recoil is the most
trivial form, where the translational recoil energy is
determined by the momentum conservation as p2e=ð2MÞ
(with M as the molecular mass), but is less than the total
recoil energy p2e=ð2MAÞ, where MA is the mass of the
emitter atom. The energy difference excites the internal
(rotational and vibrational) degrees of freedom (d.o.f.).
Increasingly more accurate experimental data on the
photoelectron recoil effect have become available in the
past decade, and, concurrently, theoretical models of
the photoelectron recoil have also evolved to quite elabo-
rate calculations of the intensity ratios of the vibrational
peaks. A boost to these studies has come from moving from
the soft x ray regime to the tender x rays, since the strength
of the photoelectron recoil effects increases with the kinetic
energy of the emitted electron.
In earlier investigations, an important goal was to
develop more accurate quantum mechanical models to
describe the recoil excitation probabilities of individual
vibrational energy levels [2,16–18]; here we will focus on
the general description in terms of energy deposition into
various d.o.f. The prediction of the total amount of recoil
energy that goes into the internal d.o.f. is quite robust,
requiring no other assumptions than the one mentioned
above. The prediction of the division of the internal energy
into the rotational and vibrational d.o.f. is, however, model
dependent, and accurate model predictions are still being
developed. For example, the anisotropy of the photoemis-
sion in the molecular frame can alter this separation, as can
the changes in the equilibrium bond length upon ionization.
Here, we present direct experimental data on the parti-
tioning of the recoil energy into rotational and vibrational
excitations in the CO molecule and on the role of Coriolis
coupling on this partition. We report measurements on the
photoelectron recoil in C 1s photoemission from carbon
monoxide over an extended energy range up to ≈7 keV;
these are complete in the sense that all the components of
the recoil excitations have been determined. This requires
accurate electron kinetic energy calibration, which was
achieved using a gas mixture of CO and CF4. Carbon
tetrafluoride is in several ways a good calibrant in photo-
electron recoil studies, as will emerge in the discussion
below. CF4 is also an excellent target for studying vibra-
tional recoil excitations. First, we will present a detailed
study of photoelectron recoil vibrational excitations in CF4
extending into the tender x ray regions. We then proceed to
the complete recoil study of CO with CF4 as the calibrant.
Carbon tetrafluoride (CF4) has tetrahedral symmetry
with the carbon atom at its center of mass. Therefore,
the departure of the C 1s photoelectron does not create
recoil angular momentum in the residual molecular ion and
therefore does not excite rotational d.o.f. All internal recoil
excitation energy goes into molecular vibrations, as dis-
cussed by Thomas et al. [2]. In that soft x ray study, the
amount of vibrational recoil energy was still quite small,
less than 40 meV.
The results presented here were obtained at the SOLEIL
Synchrotron, France, on the GALAXIES beam line
equipped with an end station dedicated to hard and tender
x ray photoelectron spectroscopy [19,20]. Linearly polar-
ized light is provided by a U20 undulator and monochrom-
atized by a Si(111) double crystal monochromator. The
photoelectron spectra of the sample gases and their mixture
were recorded by a EW4000 Scienta analyzer, mounted
with the lens axis collinear with the polarization vector of
the x rays. The spectrometer was operated at 100 eV pass
energy and with the entrance slit of 0.3 mm, except for the
photon energies of 6900 and 8500 eV, at which the larger
slit of 0.5 mm was used. At 6900 and 8500 eV, also the
third diffraction order was used for enhanced resolution.
The CO and CF4 gases were mixed externally in the gas
inlet manifold.
Figure 1 displays a series of C 1s photoelectron spectra
from the CF4 molecule, recorded between 330 eV and
8 keV photon energy. The first in the series, a near-
threshold spectrum, is reproduced from Thomas et al.
[2]. Because of the low photoelectron kinetic energy, the
recoil vibrational excitations are negligible in spectrum (a),
and also no Franck-Condon excitations are present, since
the C 1s core ionization is not accompanied by a noticeable
geometry change in this molecule [12]. The spectrum
therefore consists of a single Voigt profile, but this is
strongly distorted by the postcollision interaction (PCI)
between the outgoing photo- and Auger electrons. PCI is
manifested as peak asymmetry with the tail on the high-
ionization-energy side.
The rest of the spectra in Fig. 1 exhibit pronounced
vibrational excitations due to photoelectron recoil. The
dominant normal mode excited by the recoil is the asym-
metric stretching mode, acquiring over 90% of the vibra-
tional recoil energy. The rest of the excitation energy goes
into the asymmetric bending mode [2]. The instrumental
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resolution combined with Doppler broadening in the high-
energy spectra [Figs. 1(b)–1(e)] is larger than the vibrational
frequency of the asymmetric stretching mode (about
170 meV) [2], and thus the individual vibrational peaks
cannot be directly resolved. Therefore, a least-squares curve-
fitting analysis of the vibrational envelope was carried out, as
described in detail in Supplemental Material [21].
The analysis shows that a satisfactory representation of
vibrational recoil excitations in CF4 can been made using a
simple-to-apply Poisson distribution approach. Figure 1
shows the fitted envelopes obtained from a single Poisson
progression model. The figure also shows the peak positions
and intensities for the single normal mode—the asymmetric
stretch—used for fitting. The vibrational frequency obtained
from the fit was 167(4) meV, in good agreement with the
previously reported experimental value of 169(1) eV [2].
The spectra in Fig. 1 represent the first observed case
where the entire vibrational profile of a free molecule is
due to strong photoelectron recoil effects, causing major
changes in the spectral shape and a large shift in its center-
of-mass position, rather than relatively subtle modifications
observed in earlier studies at lower energies [1,2]. Also, the
Poisson fitting procedure allows one to accurately deter-
mine the energy of the ν ¼ 0 vibrational peak and use CF4
as a calibrant for other samples.
Recoil-induced vibrational excitations in the CO mol-
ecule have been recently analyzed in the energy range up
to 7 keV [18]. In CO, the vibrational excitations account
only for about one-third of the internal recoil energy, the
rest inducing rotational excitations. Although of the same
origin, manifestations of the vibrational and rotational
recoil in the core-level molecular photoemission spectra
are substantially different. An increase of the vibrational
energy can be observed as excitations of discrete vibra-
tional levels, causing changes in the peak intensity ratios
(v ratios) within the vibrational envelope. The separation
of rotational levels, on the other hand, is so small that
rotational excitations can be observed only as a shift of the
centroids of each individual peak towards a lower kinetic
energy, equal to the average amount of recoil energy
deposited into rotations. These recoil shifts have hitherto
not been determined in core-level photoemission.
In order to accurately measure the rotational recoil
energy shifts in CO, the ν ¼ 0 peak position of the CF4
C 1s electrons is used as an energy reference, since the CF4
spectrum is unaffected by the rotational recoil. Figure 2
shows the C 1s photoelectron spectra measured from a gas
mixture of the CF4 calibrant and CO. The energy separation
of the ν ¼ 0 peaks from both species is the value to be
determined for obtaining the rotational recoil energy shift.
The vibrational progressions of both species are
represented by appropriate curve-fitting models—see
Supplemental Material [21] for details. The energy sepa-
rations of the two ν ¼ 0 peaks were obtained from the fits
of the experimental spectra. These separations are indicated
by the double-ended red arrows in Fig. 2 for the photon
FIG. 2. Carbon 1s photoelectron spectra from a mixture of CO
and CF4 gases, measured at (a) 2.3 and (b) 6.9 keV photon
energy. The fitted positions and relative intensities of the vibra-
tional peaks are marked by vertical lines, and the fitted total
curves are shown by solid blue lines. Arrows indicate the distance
between the ν ¼ 0 peaks of CF4 and CO. Dashed lines connect
the positions of the ν ¼ 0 peaks in both spectra. The x-axis
energy ranges are chosen to align the ν ¼ 0 peaks of CF4.
FIG. 1. Carbon 1s photoelectron spectra of CF4, measured at
different photon energies: (a) 330 eV, (b) 2.3 keV, (c) 3.0 keV,
(d) 6.9 keV, and (e) 8.5 keV. Dots, experimental data points;
continuous red line, least-squares curve-fitting result; vertical
sticks, positions and relative intensities of the vibrational peaks.
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energies of 2.3 and 6.9 keV. In addition, a similar spectrum
at 3.0 keV photon energy was measured and analyzed. The
separation includes the difference in the C 1s adiabatic
ionization energies of the two molecules. A linear regres-
sion through the data points (peak separation versus
electron kinetic energy) yielded the y-axis intercept at
5.828(4) eV for the vertical ionization energy difference, a
value in excellent agreement with the literature value of
5.829 eV [22]. The constant offset of 5.828 eV was then
subtracted to obtain the part of this shift that depends on the
photoelectron kinetic energy.
The separation of the ν ¼ 0 peaks for the two molecules
is 152(5) meV less at 6.9 keV than it is at 2.3 keV. This
decrease is readily visible in Fig. 2. Part of this decrease is
accounted for by translational recoil. The ν ¼ 0 peaks of
both molecules are shifted towards a lower kinetic energy
due to the translational recoil by the amount of p2el=ð2MÞ.
CO, as the lighter molecule, has a larger translational recoil
shift, and the net effect is to lower the separation of the two
peaks by 61.5 meV over this energy range. The remaining
90(5) meV change is assigned to rotational recoil excita-
tion, which is present in CO but not in CF4.
A similar analysis was done for the hν ¼ 3.0 keV
spectrum. The three data points for the rotational recoil
shifts, representing the average recoil energy going into the
rotational motion, are shown in Fig. 3 by the red markers.
Their error bars represent both the statistical uncertainly of
the analysis and the variations when different curve-fitting
scenarios were used to obtain the ν ¼ 0 peak energies, e.g.,
single or double Poisson series and fixed or free Lorentzian
width. A linear regression through these data points yields
the slope of 1.96ð11Þ × 10−5.
Figure 3 also shows as the green points the average recoil
energy going into the vibrational d.o.f. of CO. The average
vibrational energy in each C 1s photoelectron spectrum
arises from both the Franck-Condon and recoil excitations,
the former being independent of photon and electron
kinetic energy. Changes in the vibrational energy are due
to the energy-dependent photoelectron recoil and can be
measured directly as changes in the centroid position of the
vibrational envelope. In the analysis, the centroid positions
were obtained as intensity-weighted averages of the posi-
tions of the fitted vibrational peaks. In order to obtain the
absolute values of the vibrational recoil energies, rather
than the energy changes, a spectrum measured at hν ¼
400 eV from Ref. [8] was reanalyzed to obtain the centroid
energy under the conditions of very weak recoil. Linear
regression through all four data points (0.4, 2.3, 3.0, and
6.9 keV) then gave the zero-kinetic-energy intercept at
168 meV centroid energy, corresponding to the “pure”
Franck-Condon excitations. This value is in agreement with
the value of 160 meV reported by Myrseth et al. [22]. The
value of 168 meV was subtracted from the vibrational
centroid energies of CO before plotting them in Fig. 3. The
shift of the centroid energy, with the slope of 6.8ð5Þ × 10−6,
is due to the vibrational recoil.
The total recoil energy (blue markers in Fig. 3) is given
as the sum of the vibrational and rotational recoil energies.
A straight line fit to these points has a slope of
2.63ð12Þ × 10−5, which is in good agreement with the
predicted slope of 2.612 × 10−5 (solid blue line in Fig. 3).
The various recoil energies extracted from the spectra at the
three photon energies are collected in Table I.
The ratio of the two slopes measured for the rotational
and vibrational excitation is 2.88(28), and this gives the
partitioning of the recoil-induced internal energy between
the rotational and vibrational modes. It disagrees with the
ratio of 2 (exact) predicted using the basic recoil model and
assuming isotropic molecular-frame angular distribution of
the photoelectron. The basic model predictions are shown
in Fig. 3 by the red (rotational recoil energy) and green
(vibrational recoil energy) dashed lines. However, this
prediction does not take into account the transfer of energy
from vibrational to rotational excitation through Coriolis
interaction. The equilibrium bond length of CO shortens
upon core ionization, which leads to a lower moment of
inertia and, hence, to a higher rotational energy for a given
angular momentum. This increase in rotational energy is
FIG. 3. Recoil energy partitioning into the total internal, rota-
tional, and vibrational recoil excitations. Experiment: solid blue
circles, total recoil energy; open red circles, rotational recoil;
green diamonds, vibrational recoil. Recoil-model prediction
including Coriolis coupling: solid lines; from highest to lowest,
total, rotational, and vibrational recoil. Model prediction without
Coriolis coupling: dashed lines.
TABLE I. Energy separations of the ν ¼ 0 vibrational levels of
CO and CF4, the rotational, vibrational, and total internal recoil
experimentally determined excitation energies of CO.
hν (eV) ΔE (eV) Erot (meV) Evib (meV) Etot (meV)
2300 5.762(3) 39(3) 12.3(0.7) 51(3)
3000 5.738(3) 53(3) 17.6(0.5) 71(3)
6900 5.610(4) 129(4) 43.3(2.4) 172(5)
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taken from the vibrational excitation through Coriolis
coupling [13]. In CO, the bond length shortens from
1.128 to 1.079 Å [8], which results in a Coriolis-induced
increase in the rotational recoil energy by 9.3% and a
decrease by the same amount (and percentage of 18.6%) in
the vibrational recoil energy. Including Coriolis coupling in
the model increases the predicted ratio of rotational to
vibrational energy from 2.00 to 2.68 (shown by the solid
red and green lines in Fig. 3) that is in very good agreement
with the experiment.
In summary, we have investigated photoelectron-recoil-
induced internal excitations in two molecules with a very
different response—in CF4, recoil causes major changes in
the C 1s vibrational profile as the ionizing photon energy is
extended into the tender x ray regime; in CO, most of the
recoil energy is delivered to the molecular rotations,
causing apparent shifts in the observed kinetic energies
of the C 1s photoelectron spectrum. A convenient
approach, based on a Poisson distribution, has been used
in analyzing the vibrational recoil effects in CF4 and is
shown to model the observed spectral structures with good
accuracy. The C 1s photoelectron spectra of CF4 represents
the first observation of an entire vibrational envelope with
excitations up to at least the ν ¼ 4 level that are entirely
caused by photoelectron recoil, whereas in the soft x ray
region typically only recoil excitations by a single vibra-
tional quantum can be observed. Such a recoil-excited
vibrational envelope reveals vibrational modes that are not
populated by normal Franck-Condon excitation, and, by
extracting the vibrational frequency of the asymmetric
stretch mode, we have demonstrated how recoil excitations
can be used to probe otherwise inaccessible regions and
properties of the molecular potential energy surfaces.
Based on the above analysis, we have developed a
method of using CF4 as a calibrant in the recoil energy
analysis of other molecules. Applying this approach to CO,
a complete recoil energy analysis has been performed,
covering simultaneously both the rotational and vibrational
degrees of freedom for the first time. By comparing the
experimentally determined energy partitioning ratio with
model predictions, we have observed a significantly higher
fraction of energy going into the rotational excitations than
predicted by the basic recoil model. However, applying a
model that includes Coriolis coupling gives an excellent
agreement with the experiment, thus providing the first
experimental confirmation of the predicted role of the
Coriolis coupling in photoelectron recoil.
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